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DISCLAIMERS

The findings in this report are not to be construed as an official Depart-
ment of the Army position unless so designated by other authorized
documents,

When Government drawings, specifications, or other data are used for
any purpose other than in connection with a definitely related Government
procurement operation, the U,S. Government thereby incurs no responsi-
bility nor any obligation whatsoever; and the fact that the Government may
have formulated, furnished, or in any way supplied the said drawings,
specifications, or other data is not to be regarded by implication or other-
wise as in any manner licensing the holder or any other person or corpo-
ration, or conveying any rights or permission, to manufacture, use, or
sell any patented invention that may in any way be related thereto.

Trade names cited in this report do not constitute an official endorse-
ment or approval of the use of such commercial hardware or software,
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SUMMARY

A study of the development of the Fenestron fan-in-fin helicopter
antitorque device and a survey of applicable data from the literature
provided the means to analyze the fan-in-fin concept. The objective
was to design and evaluate a ducted fan-in-fin system for a helicopter
in the 14,000-1b to 15,000-1b gross weight and 150-kt to 160-kt speed
class.,

A review and study of fan-in-wing literature and shrouded propeller and
fan technology provided the foundation to analyze the Fenestron and to
determine the basic fan and fin characteristics, A direct performance
comparison of an SA 341 helicopter with Fenestron and conventional
antitorque systems was conducted to assess the advantages and penalties
of the Fenestron,

From the knowledge gained, a ducted fan-in-fin antitorque device was
designed for the utility transport helicopter in the specified weight and
speed class of the SA 330. A parametric analysis of the fan design
parameters showed the performance gains achievable with larger
diameter fans. The MIL-H-8501A requirements were considered., A
fin design was accomplished taking into account area, lift coefficient,
lift curve slope, and effective aspect ratio, A trim flap was found to be
desirable to optimize performance at off-design conditions.

A preliminary design and layout of the resulting fan-in-fin was carried
out, The preliminary design included a structural analysis and a fan
blade design, A weight comparison between the actual conventional tail
rotor system in the SA 330 and the proposed fan-in-fin system showed
no appreciable weight penalty., Performance comparisons between the
fan-in-fin and tail rotor showed equal or better performance for the
fan-in-fin in both hover and forward flight, An acoustical comparison
showed the fan-in-fin with higher noise levels except along the longitu-
dinal axis of the helicopter. The fan-in-fin design showed improved
maintainability and reliability over a conventional tail rotor.
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This report was prepared for the Eustic Directorate, U. S. Army Air
Mobility Research and Dévelopment Laboratory, Fort Eustis, Virginia,
by Vought Helicopter Incorporated, a Subsidiary of LTV Aerospace
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which portions of this study were based. Major technical contributions

were made by the following Vought Helicopter employees:
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S fin or wing planform area, ft

T thrust, 1b
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\Y freestream ve}ocity, fps
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ch center of thrust location, percent fin chord

fuel flow, 1b/hr
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advance ratio: U/V
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Q

solidity: fan blade area/fan disc area, density ratio: 0/0

Sub-subscripts

M at forward velocity
o) at static conditions
a at angle of attack
B at sideslip angle
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INTRODUCTION

The fan-in-fin antitorque device has been shown to offer improvements
over the conventional tail rotor on single main rotor helicopters, Studies
in References 1 and 2 selected this concept as giving improvements in
the areas of high-speed dynamics, vulnerability to damage, safety, and
noise. Uncertainties in the estimation of performance and handling
qualities remained. It is the objective of this report to further study

the application of the fan-in-fin concept for future Army aircraft using
information gained from a literature survey and an analysis of wind
tunnel and flight test data from the development of the Fenestron ducted
fan antitorque system.

The problem of matching a fan designed for hover with a fin designed for
a high-speed condition is complex. Weight and power requirements must
be minimized without undue performance penalties. To reduce power
required in hover, a larger diameter fan is desired. To alleviate the
penalties of fan-induced effects, such as fan-induced drag, it is desir-
able to unload the fan in forward flight.

Tail aspect ratio, lift curve slope, and end-plate effects taking into ac-
count a fan thrusting within a duct through the fin must be estimated for
the resulting fin-fan combination. Fin characteristics and directional
stability can then be determined. Fan and duct performance must be
evaluated for a condition where the duct and fan axis is normal to the
free stream flow as well as for static ccnditions. Fan thrust and power
can then be obtained. Fan-induced lift and drag are also important in
determining the overall performance of the system.

The Fenestron developed by Aerospatiale demonstrated the fan-in-fin
antitorque system for the SA 341, a light, high-speed helicopter cur-
rently in production. A review and study of fan-in-wing literature and
ducted propeller and fan technology provided the foundation to analyze
the data from the Fenestron development and to determine the basic fan
and fin characteristics,

The results of this evaluation were applied to a preliminary design of a
T'enastron-type antitorque system for a helicopter in the 150-kt, 14, 000-
to 15,000-1b category. Specifically, a fan-in-fin was sized to take the
place of the conventional tail rotor on the SA 330 Puma, a tactical trans-
port having a maximum gross weight of 14,110 1b, Design studies and
performance comparisons were carried out to obtain the most favorable
combination of fan and fin characteristics., Compliance with
MIL-H-8501A control requirements was an objective,



The predicted performance of the ducted fan aircraft was generated and
In addition, system weight, noise,

compared to the conventional SA 330,
Thus, through a realistic applica-

and control complexity were studied.
tion of fan-in-fin technology, the potential of this antitorque device is

assessed for future advanced aircraft.



REVIEW AND ANALYSIS OF EXISTING DATA

LITERATURE SEARCH

A literature search was conducted to survey existing data that would
pertain to the ducted fan antitorque concept. Ducted propzller (fan) data
and fan-in-wing recults were determined to be most applicable. A
bibliography of the references reviewed is given in Appendix I,

Inlet Radius Effects on Fan Performance

Inlet radius effects on jet engine static performance are generally well
known, in that a small inlet radius usually causes separation of the flow
from the inlet surface. The resulting effect is a reduction in pressure
recovery and a loss in performance. With a jet engine installation, the
first stage of rotating machinery is usually at least three-fourths of a
diameter downstream from the inlet lip, which allows the flow to re-
attach to the inlet wall. This then reduces the effect of flow separation
mainly to the loss in total pressure recovery,

In a ducted fan, the proximity of the rotating component is usually
immediately downstream from the inlet radius. Therefore, the sepa-
rated flow associated with a small inlet radius is felt by the rotating
component, which affects its performance and may affect its structural
integrity.

During this literature search, References 3 and 4 presented data re-
lating the effect of inlet lip radius on figure of merit. Figure |l presents
these data. The trend indicated by Reference 3 on this figure is that
performance deteriorates at a significant rate below a lip radius-to-
diameter ratio of 0.05 to 0.06. Reference 4 gives no zero radius-to-
diameter ratio data, however, it is reasonable to assume the trend
would be similar.

Duct Length Effects on Fan Performance

The basic duct effect is to eliminate slipstream contraction aft of the
propeller and thereby increase the amount of air passing through the
propeller. In some experimental data, significant losses in unit thrust
were observed when the duct was shortened., Other data did not reflect
this effect. The data in Figure 2 presents what is felt to be the con-
servative approach as presented in Reference | and actual test data of
Reference 3 which has been demonstrated as achievable, It is probable
that the disc loading has an effect on this and could be shown as a series



of lines between the data of Reference 3 and the line of Reference 1. This
is based on approximately 200 1b/sq ft disc loading for the test unit on

which Reference 1 data is based and a disc loading of approximately 20 1b/
sq ft  for the test unit on whicl: Reference 3 is based. Unfortunately, no
known data was available for other disc loadings within that span to verify

this probability.
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Figure 1. Inlet Lip Radius Effects on Ducted Propeller Performance.

Blade Twist Effects on Fan Performance

Reference 5 provided data showing the effect of twist modification. The
standard configuration was designed for a constant inflow velocity distri-
bution., The modified twist blades were of constant chord with the tip
twisted to a higher pitch angle than the standard configuration. Figure 3
presents the inlet velocity profile for the standard and modified twist
blades. Obviously the modified twist increased the amount of energy im-
parted to the air at the blade tip (the inner surface of the duct),
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Figure 2. Effect of Duct Length on Ducted Propeller Performance.
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Figure 4 further illustrates the overall performance effects of the modi-
fied twist, The increased tip-induced velocity causes a significant in-
crease in duct thrust,

O Standard |
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Figure 4. Modified Twist Effects on Ducted Propeller Performance,
Reference 5.

Hub-Tip Radius Ratio Effects on Fan Performance

The higher disc loadings associated with turbojets, turbofans, -=tc.,
show specific trends of specific airflow vs, hub-tip radius ratio. This
is possible since the induced velocities into the annular area between
the hub and tip approach sonic speeds. One of the recent areas of in-
vestigation has been the blade root (hub) performance on configurations
using low hub-tip radius ratios (less than 0.4) to achieve acceptable
work per pound of air in relation to the outer portions of the blade.

~ With the low to moderate disc loadings considered in this study for a
fan-~in-fin antitorque device, the hub-tip radius ratio parameter has
little if any significance. There is no meaningful data available in the



literature surveyed. This is understandable since the inflow velocities
are substantially below sonic; in fact, they are significantly below speeds

sually associated with compressibility losses, It is probable that where
the effects of hub-tip radius ratio have been investigated, the results will
be inconsequential because other parameters such as solidity, blade
camber, etc., have much stronger effects. Generally the hub-tip radius
ratio on this class of rotating machinery is set based on required root
(hub) blade solidities and/or blade retention considerations.

Fin Characteristics

Measurement of lift curve slope, C; ., from several fan-in-wing models
in References 7, 8, 9, and 10 shows good agreement with lifting surface
theory as shown in Figure 5. The curve labelled Lifting Surface Theory
represents the expression

cLa= 2TTAR/AR 2 [ (AR+4) / (AR+2) ]
Good agreement is also shown with an experimentally determined curve
from NACA TN 775 (Reference 6), which is commonly used for estimat-
ing the effective aspect ratio of vertical tail surfaces. The excellent
agreement between the fan-in-wing data and theory is due to the fan-in-
wing model's being either full span or perfectly end-plated. Thus, the
n.odel geometric aspect ratio and effective aspect ratio are equal in
value.

Fan-Induced Effects

The influence of fan operation on the fin characteristics has been studied
for the fan-in-wing concept. A summary of experimental data in
Reference 11 shows increased lift with speed due to fan-induced effects.
It is indicated that increasing the fan area to wing area ratio reduces the
induced lift, Lift curve slope was shown to remain approximately con-
stant with increases in fan thrust in References 7 and 10. The center of
lift for a fan-in-fin has also been demonstrated to shift forward of the
fan axis.

The drag contribution due to fan airflow has been shown to be significant,
This fan-induced drag increases with increase in speed and fan thrust,

ANALYSIS OF THE FENESTRON

The Fenestron rotor-fin antitorque device for the SA 341 has evolved
through wind tunnel tests, rig tests, and prototype flight tests to the
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Tunnel Tests and Theory.

production configuration. The wind tunnel tests determined the aero-
dynamic characteristics of the design over the flight envelope. The rig
tests proved out the full-scale configuration prior to installation on a
helicopter, and the prototype flight tests refined the design. The
Fenestron was analyzed from the Aerospatiale (Sud Aviation) reports

listed in Appendix L

Wind Tunnel Tests

The first wind tunnel tests of the Fenestron were conducted with a rotor
that had been developed in earlier static tests. Figure 6 describes the
wind tunnel model. The model rotor diameter is 43 percent of the full-
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scale diameter. The model fin has a symmetrical untwisted section and
is 2. 74 feet in span, A variable-frequency, three-phase, synchronous
motor was used to drive the rotor. This motor was attached to the model
on the inlet side of the Fenestron, and due to its close proximity and
possible disturbing influence, the test results may be conservative.

Drag, lateral forces, yawing moments, and power were measured from
static conditions to a Fenestron rotor advance ratio of 0. 35 for blade
pitch angles of -20° to +30°, The entire operational envelope was in-
vestigated by obtaining measurements at pitch angles from -10° to +7°
and yaw angles from -8° to +8°. A one-seventh scale model of the SA 341
was also tested with and without a tail fin. This model was unpowered.

Side-force test results are shown in Figure 7. At 0 degrees blade pitch,
there is approximately zero thrust over the speed range. Thus the in-
crease in side force is due to fan thrust. Side-force coefficient as a func-
tion of blade pitch angles for different speeds is given in Figure 8, There
was no indication of stall due to lip separation over the range investigated.

The power required to obtain a given thrust at low advance ratios is shown
in Figure 9 to increase above the power required to obtain the same thrust
in hover. The power increases to a maximum at about U = 0. 10 and then
decreases with increase in advance ratio. It can be seen that the same
thrust can be obtained at the higher advance ratios for less than one-half
the power required in static conditions. Or for a given power, the thrust
increases with speed.

The drag of the fan-in-fin is shown to increase with blade pitch in Figure
10. This fan-induced drag caused by the increase in flow through the fan
is shown in Figure 11 as a function of the increase in side force. The
positive values represent negative blade angle setting with resulting
thrust in the torque direction.

The slope of the side-force curve with fin angle of attack was determined
for a blade pitch of zero degrees. The variation of this slope referenced
to fin planform area is shown in Figure 12 versus speed. A fin plan-
form area of 4.87 sq ft was defined as the fin arex aft of a line extending
vertically downward from the point of intersection of the boom and the
fin leading edge.

A comparison of the lift curve slope with fan thrusting and the fan at
zero thrust in Figure 13 indicates that an end-plating effect (similar to
the way the horizontal tail of a fixed wing airplane end-plates a vertical
tail) is created by the fan thrust. The increase in lift curve slope with
fan thrust can be attributed to end-pluting because this effect was not

10
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apparent in the perfecily end-plated or full span fan-in-wing model tests,

A data point from the one-seventh scale SA 341 model also indicates that

end plating is not evident without the fan thrusting. These data are shown
only to graphically demonstrate the end-plating effects and do not repre-

sent a correlation with theory.

The results in Figure 14 show that the thrust center moves forward of
the fan center towards the vehicle nose, with increase in advance ratio
reaching a maximum and then returning to the area of the fan center at
the higher advance ratios. The forward movement of the thrust center

———— would effectively reduce the moment arm for this antitorque device and
thus require greater power to provide the antitorque moment. It would

therefore be desirable to use the fin for antitorque force as much as
possible.

Also the model was tested with fore and aft pitch. The influence of model
pitch on the side thrust and power was small except that pitch-up at the

13
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higher speeds required slightly more power than at zero pitch. A
second series of wind tunnel tests were conducted on a 00XY (uncam-
bered section with thickness of XY percent) rotor blade profile and
sharp-edged and rounded-edged diffuser exits. The test results showed
that the 00XY blades were slightly more efficient than the 16 series
blades in the main torque direction and the 16 series blades slightly
more efficient with speed in the antitorque direction., The 16 series
blades were selected because of their more favorable contribution in
the antitorque region.

A diffuser exit with rounded edges of 15 mm radius was tested to
determine reverse thrust (torque direction) effects. There was an in-
crease in torque direction thrust and the drag of the Fenestron-fin unit
was reduced. However, the thrust (antitorque direction) was significant-
ly reduced, therefore the rounded edges were not incorporated.

14
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Static Tests

A full-scale version of the Fenestron was constructed and mounted on an
SA 341 tail boom. It was connected to all the drive shafting, the main
gearbox and an engine,and static tests were conducted. Thrust was
measured by a strain-gaged bar attached to the tail boom, and a torque-
meter measured the power input into the Fenestron gearbox. These
tests confirmed the static wind tunnel tests, Faired and unfaired hub
support arms were tested, and faired arms were shown to be beneficial

Flight Tests

Flight test data of the 341 in hover and forward flight have been analyzed
to determine the fan and fin characteristics. Comparisons were made
between the performance of the Fenestron and the conventional tail rotor

17



flown on the same ship., Although both antitorque devices were installed
on the same vehicle, the nature of the initial experimental program in
developing a new helicopter produced little data on the performance of
the tail rotor. Thus, it has been necessary to estimate the tail rotor
performance. Power prediction methods described in Appendix II have
been used in the data analysis.

SA 341 Description

The SA 341 "Gazelle' is a light, multipurpose, high-speed helicopter
featuring a ducted fan antitorque device called the Fenestron., It is the
only production helicopter employing this type of antitorque concept. The
341, shown schematically in Figure 15, has a maximum weight of 3750

Ib and is powered by a Turbomeca Astazou III turbine engine rated at
592 hp. The general characteristics of the Fenestron and semiarticu-
lated main rotor are given in Table I. It should be noted that the main
rotor rotates in a clockwise direction as viewed from above,

The Fenestron rotor consists of 13 aluminum alloy di-forged blades with
NACA 16 series airfoil cross section. The blades, having only a pitch
hinge, are mounted on self-lubricating bearings and are attached to the
hub by means of laminated metal strips. Power is transmitted to the
rotor through a gearbox in the hub integral with the fan assembly. Blade
pitch is controlled by means of the rudder pedals through a hydraulic
servo unit mounted on the gearbox.

TABLE I. SA 341 MAIN ROTOR AND FENESTRON
ROTOR CHARACTERISTICS
Main Rotor Fenestron Rotor
Diameter - ft 34.45 2.3
Chord - ft 0.983 0.128
No. of Blades 3 13
Rotational Speed - rpm 378 5774

The SA 341 fin is in three parts: a lower section which is symmetrical
in the freestream direction and serves as a crushable tail skid, a fan
section which is streamwise asymmetrical but of unknown effective
camber, and an upper fin which has 4 percent camber and a thickness

18
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ratio ranging from 18 percent at the fan structural joint to 12 percent at
the tip. The overall vertical fin is set at 2 degrees angle of incidence in
the antitorque direction, A total fin planform area of 26.3 sq ft is defined
as the area aft of a vertical line extending from the point of intersection
of the fin leading edge and tail boom.

To provide conventional tail rotor data for comparison with the Fenestron
results, data were extracted from records of the SA 341 development
program. Figure 16 shows the prototype configuration selected. This
configuration was the same as the SA 341 except for small vertical fins
on the horizontal tail plane and the conventional tail rotor. The vertical
fins on the horizontal tail plane were found to be noncontributing and
were not put on the SA 341. The characteristics of the conventional tail
rotor are presented in Table II and are compared to the Fenestron,

Hover

Fenestron power measured in hover ratioed to the tntal power required

is shown in Figure 17 for a range of weights, The same ratio is shown
for the conventional tail rotor. The fan with a disc loading of about 60 1b/
sq ft for a gross weight of 3750 1b requires more power than the conven-
tional tail rotor having a disc loading of approximately 8 1b/sq ft.

Comparison of the Fenestron Figure of Merit to the State of the Art

The Fenestron development was oriented toward achieving a given level
of performance without too much regard to the efficiency. The basic
design of the SA 341 allowed this to occur since in most areas of the
operational envelope it has excess power available, The result is that
the existing Fenestron requires significantly more power than a tail
rotor requires to do the same job.

One of the obvious reasons for the increased power required is the
Fenestron size, Theoretically the addition of a shroud or duct around

an existing propeller or rotor increases its static thrust by a factor of
two. The SA 341 tail rotor was approximately 6.3 ft in diameter. There-
for, assuming the static efficiency to be constant, a ducted fan (propeller)
would require one-half the area or a 4, 5-ft diameter for the same power
requirenient, The 2, 3-ft diameter of the Fenestron will require approxi-
mately twice the power because of disc loading effects on power loading,
1b thrust/hp.

The additional power requirement over and above the disc loading effects

of the Fenestron is due to nonoptimum blade and duct geometry. An
indication of the degree to which the existing Fenestron could be improved

20
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TABLE II. COMPARISON OF ANTITORQUE DEVICE

ROTOR CHARACTERISTICS =j'
_—— p—
SA 340 SA 341
Tail Rotor Fenestron Rotor
Diameter - ft 6.28 2.3
Chord - ft 0.517 0,128
No. of Blades 2 13
Rotational Speed - rpm 2053 5774
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is shown in Figure 1€. The state-of-the-art line includes the short duct
effects discussed in the literature survey and presented in Figure 2.
Since the use of a reasonably low disc loading is indicated (approximately
60 psf), the state of the art shown is considered to be conservative.

Rationalization of the decrement in performance shown is as follows:

® The tip clearance is excessive. Therefore, duct velocities are not
as high as they should be to produce the normal duct forces,

° The blade twist is not optimum. The indicated induced velocities
near the tip of the blades tend to iall off. This in combination with
the tip clearance makes the duct forces low and also significantly
reduces total blade forces.

® The blade camber is too low, Significant gains are indicated by
using a cambered airfoil section for the blading. Examination of
the existing Fenestron blading indicates that little or no camber is
being used,

The opinion resulting from this study is that if all the items listed were

corrected, the performance of the Fenestron would be increased approxi-
mately to the level indicated by the state-of-the-art line,

Forward Flight

The total power required for the SA 341 in forward flight was determined
by the methods outlined in Appendix II. Main rotor power and the anti-
torque thrust were computed. The Fenestron fan contribution to anti-
torque thrust and power required was estimated from test data. The
power increments due to fin- and fan-induced drag and mechanical losses
were estimated. Good agreement with flight test data is shown in Figure
19. The predicted power required is approximately 3 percent higher at
a given speed than flight test data would indicate. This results in a pre-
dicted speed about 1.5 percent lower for a given power than can be ob-
tained from flight tests. Thus for this application the prediction methods
are conservative,

The power required for the SA 341 with conventional tail rotor was esti-
mated in a similar manner. A comparison of the antitorque power re-
quired versus speed in Figure 20 shows the power savings of the
T"enestron., However, these savings are not totally reflected in the
total power because of the tan- and fin-induced drag requires additional
main rotor power. A comparison of the total power required for the two
systems shows a small decrease in power required by the Fenestron

23
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system at the higher speeds in Figure 21. An increase in maximum speed
of 2 kt or about 1.5 percent is noted at maximum continuous power.

A 6-kt increase in speed can be estimated by comparing predicted 340
data with 341 flight test data. It should be noted that the maximum stress
measured in the blade root blend radius of the Fenestron fan was 1450 psi.
The stress level of the conventional tail rotor blades was not measured.

Figure 22 shows the antitorque thrust required for the SA 341 at a weight
of 3750 1b through its normal speed range. The required fan contribution,
labelled (1), is derived from flight test results. The fan thrust is shown
to diminish as the speed increases due to the fin's assuming the anti-
torque load requirement for the helicopter. The fin contribution is then
the difference between the thrust required and the fan thrust. The fin
thrust is shown in Figure 23.
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The fan thrust required for an SA 341 antitorque system having fins of
different total areas is shown in Figure 22. These results were adapted
from fan-in-wing model tests (References 7 and 10). The corresponding
fin thrust contributions are shown in Figure 23.

Considering both Figures 22 and 23, it can be seen that the SA 341 fan-
in-fin systemn functions well. The fin allows the fan to be unloaded to a
small, essentially constant thrust level at cruise speed. This small fan
thrust level is desirable since its effect is to close the fan duct and pre-
vent any incipient flow condition from developing that could adversely
affect the pressure distribution on the vertical fin surfaces.
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One area in which fan-in-fin performance can be improved is evident in
curve (1) of Figure 23, It is seen that the fin contributes little antitorque
thrust in the low-speed region. In fact, the fin contribution is not measur-
able below 40 kt. This phenomenon is probably caused by adverse in-
teractions of the fan efflux, the main rotor downwash and the freestream
flow, but further experimental testing will be required to develop an
understanding for improvement. An improvement in low-speed fin
thrust can be obtained by employing an adjustable trim flap on the upper
fin trailing edge. Trim flap size as applied for antitorque purposes in
this study is approximately one-third span in length and one-third chord
in width, Such a trim flap would increase the upper fin effectiveness

and produce a fin thrust curve more in character with the fan-in-wing
results, curves (2) and (3), of Figure 23, This would allow the fan to be
unloaded at a lower speed. In addition, an adjustable trim flap on the
upper fin could be used to trim the helicopter for off-design speed and
gross weight conditions and during autorotational approaches with the
antitorque fan inoperative, While the upper fin is only a part of the
overall vertical surface, a trim flap on this portion should help to in-
crease the aerodynamic lift of the fan-in-fin system when operating in
the low-speed range.

The fin lift coefficient of the Fenestron antitorque system for trimmed
forward flight is shown in Figure 24. This plot was calculated from the
fin thrust (Curve (1) in Figure 23) obtained from flight test results, The
curve of lift coefficient versus speed shows how sharply the fan-in-fin
aerodynamic lift diminishes in the low-speed range below 70 kt. In thke
speed range of 60 to 140 kt, the fan is only nominally lifting. The fin
Cy1, for trimmed cruise flight is seen to be approximately 0. 185. The
angle for zero sideward fin lift was determined to be 3.5 degrees. Thus,
a meaningful value of lift curve slope can be estimated as 0. 053 per
degree for the fin. An effective aspect ratio of 2.7 can be determined
from lifting surface theory. This is a higher value than the geometric
aspect ratio of 2.31. Thus it is assumed that for this trimmed cruise
condition, the low fan thrust provides enough end-plating to make the

fin act similar to a vertical tail for a fixed-wing aircraft which is end-
plated by a horizontal stabilizer,

A forward shift (toward the nose and along the longitudinal axis) of the
Fenestron thrust was noted over a specific speed range. Wind tunnel
test data showed a maximum shift at approximately 55 kt,which resulted
in an 8-percent effective decrease in moment arm length. Overall
vehicle effects at that speed would be a 9-percent increase in required
antitorque thrust,which would require an additional 1 percent in total
power. At lower speeds the shift is shown to be less pronounced, and at
higher speeds the fan is sufficiently unloaded that this forward shift
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Figure 24. SA 341 Fin Lift Coefficient Vs, Speed
From Flight Tests, SL STD, GW=3750 Lb.

effect is minimized. Thus there is a corresponding decrease in anti-
torque thrust required and total power. Taking this effect into account,
the performance of the SA 341 was not changed significantly.

Directional Stability and Control

The SA 341, as shown in Figure 25, has sufficient blade pitch margins
to provide adequate yaw control in hover. Approximately 35 percent
more control is available for the case of a 30-kt side wind at sea level
at a weight of 3530 lb. Of interes’ is the 20 percent control margin
available for a 20-kt side wind at a density altitude of 9200 ft and maxi-

mum gross weight of 3750 1b.

Blade pitch versus sideslip angle in Figure 26 shows positive directional
stability at 65 kt and at 120 kt, although there is a region at 120 kt where
the stability is reduced. This has been explained as a case wilere the
blade pitch position corresponds to null thrust on the rotor and the air-
flow through the duct is changing direction in an incipient manner. Thus
it is desirable to have the fan positively loaded at all times in forward
flight to avoid this null region. Positive stability is also shown for
climbing flight and autorotation at 65 kt. Blade pitch travel margins are
noted to be adequate for control in these cases. The fan null-thrust con-
dition has been avoided in Aerospatiale tests. This condition is recog-
nized as a problem and should be investigated.
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Weight

A weight breakdown of the conventional tail rotor and Fenestron used in
the SA 340 and 341 respectively is given in Table III

A weight penalty of 16.5 1b is noted for the Fenestron. However, the
conventional sysiem for this size helicopter does not have a pylon, an
intermediate gearbox, or servo controls as is the case with larger
vehicles.

Fenestron Acoustical Comparison Study

The fan-in-fin antitorque device is acoustically compared to the conven-
tional tail rotor on two aircraft. The SA 318, Alouette II, two-bladed
tail rotor, which is the same as the tail rotor installed on the SA 340, is
compared to the SA 341 Fenestron.

Tests conducted by Aerospatiale compared the noise levels of the SA 318
(Alouette II) tail rotor to the SA 341 Fenestron fan-in-fin. This comparison
is made since both helicopters are of the same weight and power class and
require almost identical antitorjue thrust levels. The results are docu-
mented in Reference 14 (excerpts from Reference 14 are presented in
Appendix III).

The calculated fan-in-fin noise levels are based on Reference 12, which
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Figure 26. SA 341 Fenestron Blade Pitch in Forward Flight,
Climb, and Autorotation, Wt=3530 Lb.

is the procedure developed by Hamilton Standard for predicting prop-
fan noise. Conventional tail rotor noise levels were estimated using

Reference 13.

The calculated noise levels are based on the assumption of spherical
spreading of sound. Ground-cover attenuation is neglected because
frequency - times - distance is low for the major harmonics, The
atmospheric absorption was also found to be negligible for the low
frequencies of the tail rotor and for the short distances used in the

comparison.

Table IV shows the parameters used to predict the maximum noise
levels for the two types of antitorque devices. The table also shows the
results of ground tests obtained from Reference 14 for the lightweight
helicopters. In general, it can be concluded that fan-in-fin maximum
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TABLE III. COMPARISON OF ANTITORQUE DEVICE WEIGHTS

SA 340 With SA 341 With
Conventional Fenestron
Tail Rotor - 1lb Rotor - 1b

Airframe, including: 71.0 92.6
Tail boom
Tail fin
Stabilizer
Protective guard or shoe

Transmission, including: 28.6 26.4
Tail rotor gearbox
Tail rotor drive inst,

Controls, including: 3.3 7.0
Control linkage
Servo units and lines

(for SA 341)
Rotor, including: 18.7 12.1
Hub
Blades
TOTAL 121.6 138.1

noise levels are slightly higher than comparable tail rotors if directivity
is not considered.

Table V is a comparison of the directivity between the SA 318 tail rotor
and the SA 341 fan-in-fin. It shows that the tail rotor is relatively in-
sensitive to direction but vice versa for the fan-in-fin. The data in this
table was obtained from Reference 14. Excerpts from Reference 14 and
other French data is presented in Appendix III,
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TABLE IV, FENESTRON NOISE LEVEL COMPARISON

SA 318 SA 341
Tail Rofor Fan-in-Fin
PNL @ 25M (82 ft) - PNdb 78 87
Test PNL @ 25M 78 87
PNL @ 50M (164 ft) - PNdb 72 81
Test PNL @ 50M 72 75
Tip Speed - fps 670 690
Antitorque Power - hp 28 60
Diameter - ft 6.3 2.3
No. Blades 2 13
Thrust - 1b 236 240
— - ]

TABLE V., FENESTRON NOISE DIRECTIVITY COMPARISON

SOUND PRESSURE LEVEL (db re 0.0002 [{bar)

AZIMUTH?*
0° 44° 96°
SA 318 Tail Rotor 78 78 77
SA 341 Fan-in-Fin 78 84 75

% 0 azimuth aft

—_—
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PRELIMINARY DESIGN

PRELIMINARY DESIGN OBJECTIVE

The objective of the preliminary design task was to design a fan-in-fin
antitorque device for the SA 330 '""Puma." Information obtained from the
analysis of existing data was used to define a fin size and fan disc loading
combination, A preliminary design of the resulting fan/fin combination
was accomplished. The predicted performance of the ducted fan aircraft
was generated and compared to the actual performance of the conventional
SA 330.

BASE- LINE AIRCRAFT

The SA 330 '""Puma, " a utility tactical transport having a maximum gross
weight of 14,110 1b, was selected as the base-line conventional system to
study the application of a ducted propeller antitorque device. The SA 330,
shown in Figure 28, features a single four-bladed articulated main rotor
and a five-bladed pusher type tail rotor, described in Table VI. The main
rotor rotates in a clockwise direction when viewed from above.

TABLE VI, SA 330 MAIN ROTOR AND TAIL ROTOR
CHARACTERISTICS
Main Rotor Tail Rotor

Diameter - ft 49,26 10,24
No. of Blades 4 5
Solidity Ratio 0.09 0.19
Rotational Speed - rpm 265 1279
Articulation Full Flapping

The SA 330 is powered by two Turbomeca Turmo III C-4 free turbine
engines. The two engines are connected to a main gearbox through which
power is transmitted to the main rotor and to the tail rotor by means of
a tail drive shaft, an intermediate gearbox, and a tail gearbox. Installed
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engine performance is given in Figure 27,
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Figure 28. SA 330 Puma, Utility Tactical Transport.
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The power required to hover OGE was estimated by the methods outlined
in Appendix II as the sum of the main rotor power, tail rotor power, and
power due to accessories and mechanical losses., The antitorque thrust
was determined from the main rotor torque. Fin interference effects are
taken into account in determining the tail rotor thrust in hover. It is
estimated from Figure 5 of Reference 15 that fin force reduces the tail
rotor thrust achievable by 10 percent for the SA 330 pusher tail rotor.
Thus, the net tail rotor thrust required was 1.11 times the antitorque
thrust, In forward flight, fin interference effects were considered to be
minimal. Accessory power and power due to mechanical losses are
estimated to be 5 percent of the total power required. Hover power re-
quired for various gross weights at SL. STD and 4000 ft, 95°F is shown
in Figure 29 and power required in forward flight in Figures 30 and 31.
A comparison of the described power prediction methods and flight test
data shows good agreement, thus verifying this approach.

L ) T
5 2000 4000 t, 95°F i
=
o
o
z 1600 -
SL STD
g o
OSsL STD Flight
1200 | N 4000 Ft, 95°r) Test -
_Theorly
I 1

12,000 13,000 14,000 15,000
GROSS WEIGHT - LB

Figure 29, Comparison of Predicted Hover Power Required With
Flight Test Data, SA 330,

PARAMETRIC ANALYSIS OF FAN DESIGN PARAMETERS

Parametric fan performance was generated to study the design parameters
and to establish sizing criteria. The methods used are discussed in the
following paragraphs.,

Preceding page blank
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Figure 30, Comparison of Predicted Power Required in Forward
Flight With Flight Test Data, SL STD, SA 330.

Fan Thrust Vs. Horsepower and Disc Loading

Parametric ducted propeller performance was generated for the purpose
of sizing a propeller for a fan-in-fin configuration at static conditions.
Data from Reference 16 was used to generate an achievable envelope for
a given blade camber and hub-tip radius ratio, while activity factor
(solidity) was allowed to vary. The resulting envelope was then used to
obtain the parametric performance shown in Figure 32.

Similar methods were employed to obtain a limited parametric perfor-
mance at a cross-wind speed of 35 kt, which is presented in Figure 33,
This parametric plot allowed further refinement of initial sizing and
assured the capability to meet side-wind requirements.,
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Figure 31. Comparison of Predicted Power Required in Forward
Flight With Flight Test Data, 4000 Ft, 95°F, SA 330.

Both of these figures reflect basic state-of-the-art data modified by the
thrust correction factor presented in Figure 2.

Antitorque System Thrust Requirements in Hover

The thrust required in hover from an antitorque device is the lateral yaw-
ing thrust necessary to balance the main rotor torque plus the thrust
necessary for yaw control and side-wind trim. For hover control in still
air, paragraph 3.3.5 of MIL-H-8501A specifies a yaw displacement of

at least 30/AW + 1000)1/3 degrees after 1 second at the maximum overload
gross weight, Paragraph 3,3.6 requires a yaw angular displacement of
110/(W + 1000) 1/3 degrees after 1 second for control while hovering

in a 35-kt adverse side wind at the maximum weight. For the SA 330,
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Figure 33, Parametric Ducted Propeller Referred* Performance
at a 35-kt Crosswind for Blades With 0, 3 Design Lift
Coefficient, a Hub- Tip Radius Ratio of 0.3, and a
Duct Length-to-Diameter Ratio of 0.2. (*Referred -
Adjusted to SL STD Conditions).

at the maximum certified weight of 14,110 1b, an angular acceleration of
0,648 rad/sec® is needed to meet the criteria of paragraph 3,3.5 and a
2.016 rad/sec? acceleration in the case of a 35-kt side wind, Table VII
gives the resulting sea level standard day thrust requirements for the
SA 330 in hover at a forward cg position. A side study showed the
forward cg position to be the most critical requirement for the SA 330,

Fan Diameter Sensitivity in Hover

To evaluate the influence of the MIL-H-8501A control requirements and
the effect on performance requirements of hot-day conditions at altitude,
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TABLE VII. SA 330 HOVER CONVENTIONAL ANTITORQUE
SYSTEM THRUST REQUIREMENTS, SL STD,

FORWARD CG

—_———— |

THRUST REQUIRED
THRUST REQUIREMENT 0-KT WIND 35-KT SIDE WIND

(Paragraph 3.3.5) (Paragraph 3. 3, 6)

Antitorque 1023 825
Yaw Control 495 165
Side-Wind Trim = o= 504
Total 1518 1494

a study of fan diameter sensitivity with helicopter gross weight was
carried out. Hover performance for the SA 330 was generated at a sea
level standard day and at 4000 ft, 950F day for three conditions:

1. 0-kt wind

2, 0-kt wind and yaw requirement of paragraph 3. 3.5,
MIL-H-8501A

3. 35-kt side wind and yaw requirement of paragraph 3. 3.6,
MIL-H-8501A

For each of these conditions, the antitorque thrust plus the maneuver
thrust required was determined for a range of weights from 12,000 1b

to 14,110 lb. The maximum power available to the antitorque device at
the selected weights was assumed to be the total engine power available
minus the main rotor power and power due to mechanical losses. Thus
for each gross weight and thrustrequirement, a fan could be uniquely
sized from Figure 32 or from Figure 33 for a 35-kt side wind. The
resulting fan diameters are then the minimum size needed to meet each
requirement, Table VIII shows the minimum fan diameters required for
a modified SA 330 at sea level, standard day conditions. Also shown

for comparison at each condition is a fan diameter which will produce
the required thrust for the same power that is absorbed by the conven-
tional 10, 24-ft-diameter tail rotor. It can be noted that a 6, 4-ft-diameter
fan sized to give equal performance to the conventional tail rotor at zero
wind is larger than the fan diameter required to meet the most severe
sizing requirement of a 35-kt side wind with a yaw maneuver using all
available antitorque power.
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TABLE VIII. MINIMUM REQUIRED FAN DIAMETERS FOR A
MODIFIED SA 330, SL STD
L
YAW ACCEL THRUST FAN|TAIL ROTOR EQUIV.
WIND REQUIREMENT  REQUIRED DIA | POWER REQ. FAN DIA
(1b) (t) (hp) (ft)
0 kt NO 1023 2.7 152 6.4
0 kt YES 1518 4.1 258 6.7
35 kt YES 1494 6.2 363 8.0
Side Wind

The sensitivity of antitorque power required with fan diameter to hover
OGE at sea level is presented as a function of total power required in
Figure 34 for different takeoff gross weights, The 6, 4-ft-diameter fan
is shown to require the same power as the 10,24-ft-diameter conven-
tional tail rotor presently installed on the SA 330. The effect of smaller
diameter fans is shown to be an increase in total power required. At
14,110 1b, the increase in total power is 1.5 percent for a 5. 5-ft-
diameter fan and 3. 3 percent for a 4. 5-ft-diameter fan.

The increase in power required for smaller fans results in performance
penalties such as a decrease in payload for a given power. Limited to
the power required to hover with a tail rotor at a weight of 14,110 1b,

it is estimated that the takeoff weight would drop to 13, 950 1b with a
5.5-ft fan and to 13, 700 1b with a 4. 5-ft fan,a loss in payload of 160 1b
and 410 1b respectively.

Figure 35 gives the minimum fan diameter required with gross weight
for the SA 330 in hover OGE at 4,000 ft on a 95°F day. This figure
shows that an increase in gross weight indicates a need for a larger
antitorque fan. Larger gross weights require more main rotor power
which increases the torque and decreases the power that is available
for antitorque purposes. Thus, for a helicopter with a given total
power, a good way to increase antitorque fan thrust with a minimum
increase in fan power, is to increase the fan size. If the fan is sized
to a minimum diameter that increases with the decreasing available
antitorque power, the upper limit on fan size will be dictated by weight
and structural considerations. Within these constraints thereis a
minimum fan size associated with each gross weight. Increasing

the fan diameter from 4 ft to 5 ft results in a 2. 4-percent increase

in the gross weight hover capability at 4,000 ft, 95°F and a 4.9-percent

45



o 20
53
]
o
5
0 16
A
—
ﬁ 4.5 Ft. Diameter Fan
012 |— G _ TI _\ 14,1101b
= gl TR . 12 S
~ 10,000 1b | ™" J — /
'

[oh | 5.5 Ft. Diameter Fan
5 | I |
g 6.4 Ft. Diameter Fan or
o 4 10.24 Ft, Diameter Tail Rotor —]
:
=
Z
< 0

1000 1200 1400 1600 1800 2000

TOTAL HORSEPOWER REQUIRED
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increase in the gross weight hover capability with the zero wind yaw
requirements,

The influence of fan size on OGE hover ceilings, defined by power
required and power available, is shown in Figure 36, A 1-ft increase
in fan diameter is shown to increase the hover ceiling approximately
500 ft.

Fan Design Selection

The fan selection with respect to diameter was initially estimated by
momentum theory considerations, It can be shown that the addition of a
circular duct around a propeller increases its thrust by a factor of two.
Therefore, assuming an existing rotor to be adequate, a ducted propeller
(fan) would provide equivalent static performance with one-half the disc
area of the tail rotor., Applying this rationalization to the SA 330, the ex-
isting 10. 24-ft-diameter tail rotor could be replaced by a ducted propeller
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7.24 ft in diameter (10. 24/'\/_= 7.24)., From the standpoint of the
figure of merit (static efficiency), the addition of the circular duct dras-
tically reduces tip losses., Also, the use of cambered airfoil sections,
the addition of blade twist, and the use of optimized exit diffusion in-
creases the figure of merit. Any increase in the figure of merit there-
fore further reduces the size required to yield performance equivalent
to a conventional tail rotor.

The 6. 4-ft-diameter fan has been selected as the design point for this
application. The selection was based on its capability for no-wind,
hovering performance, equivalent to the 10.24-ft-diameter conventional
tail rotor, its ability to achieve the yaw requirements of MIL-H-8501A,
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and its good performance at the 4,000 ft, 95°F condition.

To evaluate the yaw control for this size fan in hover, the yaw angular
displacement after 1 second following a full pedal input was estimated,
The yaw equation of motion including the basic helicopter damping was
solved., It was assumed that a 0.2-second ramp control input would give
full fan thrust; this assumption was based on what Aerospatiale gives as
a valid figure for the fan response of the SA 341, Figure 37 presents the
resulting yaw angular displacement after 1 second as a function of hover
gross weight and density altitude,

FIN DESIGN

A vertical fin was sized for the SA 330 to provide optimum operation of
the fan-in-fin system in forward flight, The following paragraphs pre-
sent the philosophy and rationale on which the fin design was based.

Philosoghz

A decision to employ a fan-in-fin antitorque device in place of a con-
ventional helicopter tail rotor places an emphasis on antitorque systems
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that is new to helicopter design. The fin can only be designed to a
specific gross weight and speed condition. Since nearly all of the
helicopter operation will not coincide with the fin design point and

since it is desirable in cruise flight to keep the fan thrusting at a low,
constant level, a trimmable fin is attractive. Safety in autorotation is
also provided by this approach., Thus, an initial consideration in devel-
oping the optiinum antitorque fin was a means of providing this trim
capability. A relatively large (one-third chord, one-third span) trailing-
edge flap, mounted on the upper fin and deflectable both right and left,
was chosen to provide this capability.

Design Requirements

Consideration is given to the selection of the gross weight and cruise
speed combination to be used as a design point., Because fuel burn-off
affects the antitorque thrust required, an operating gross weight less
than the maximum weight of 14, 110 1b was chosen, Considering the fuel
burn-off, a helicopter gross weight of 13,230 1b was selected as a
representative average weight for a typical transport mission.
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Figure 38 presents the total antitorque thrust requirement and individual
fan and fin contributions to this requirement for the SA 330 helicopter
equipped with a fan-in-fin antitorque system in place of its conventional
tail rotor. The total antitorque requirement for a gross weight of 13,230
1b at SL. STD conditions was predicted with the previously discussed
analytical method (ree Figures 30 and 31) used to predict and correlate
with the flight test data for the SA 330, The curve showing the fan con-
tribution was predicted by the direct application of trends and percentage
thrust from the flight test results of the SA 341, The fin contribution to
total antitorque thrust is the difference between the total requirement
and the fan contribution. This curve becomes the criterion for the over-
all size of a fin similar to that of the SA 341 and having simnilar lift
characteristics.,

A design speed was selected to cover a range of operating speeds below
the maximum speed obtainable., Thus a range of trimmed cruise speeds
can be achieved with a minimu:n of drag penalties due to the deflection
of a trim device. An additional consideration was that the speed be in

a range where a low and constant fan level can be assured. A fin design
speed of 120 kt was then selec‘ed.

Area

Several practical aspects were considered in selecting the fin size.
Structural design, weight, and the size of the fan to be accommodated
were the most important considerations., Directional stability was a
secondary factor since flight experience with the SA 341 has demonstrated
that the fan-in-fin system provided more stability than a conventional
tail rotor. Some guidance in fin sizing was available because the fan
was sized iidependently of all but the weight consideration, Fan-in-wing
experimental data was used for guidance on relative fan and fin sizes,
The fin lift coefficient of the SA 341 (Figure 24) at the selected design
speed was used to calculate an initial fin size. The ratio of independent-
ly sized fan area to the calculated fin area was computed. The effect of
this ratio on fin lift was estimated from fan-in-wing results from
Reference 8. A possible 17-percent degradation in fin lift was indicated
for the design speed. Applying this degradation to the assumed 341 lift
coe ficient, a new fin area was calculated. This area was then used
with the known fin antitorque requirements to generate the SA 330 fin
lift characteristics. This fin size was examined for compatibility with
the fan by conducting a structural design and analysis and estimating the
system weight., When compatibility of fan and fin was assured, the fin
area was considered final. A fin area of 92 sq ft, which includes the
lower crushable portion, the fan portion, and the upper fin with trim
flap, was thus determined for the SA 330.
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Lift Coefficient

Converting the antitorque fin thrust required from Figure 38 to coefficient
form, a curve of fin lift coefficient (Cy =Fin Thrust/qS) versus speed is
obtained in Figure 39. It can be noted that this curve has the same
characteristics shown for the SA 341 in Figure 24. For the fin design
speed of 120 kt, a fin lift coefficient of 0. 153 is selected for the SA 330

design,
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Figure 39. Predicted Fin Lift Characteristics With Speed for the SA 330
Fan-in-Fin Antitorque System, SL STD, GW=13,230 Lb.

Lift Curve Slope

A lift curve slope of 0.053 per degree was obtained from SA 341 flight
test results, The SA 330 fin was designed geometrically similar to the
SA 341 fin with a similarly positioned fan providing the same end-plating
effect in order to justify the use of the same lift curve slope. This
should be a valid technique since both vehicles have similar shapes.
Wind tunnel test results were not as applicable since in the case of the
Fenestron model there was no helicopter tail boom or main rotor simu-
lation. In the case of the 1/7 scale SA 341 model, there was no tail fan

simulation giving end-plating effects.
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Camber and Incidence

The upper fin portion and the lower crushable tail skid were designed as
symmetrical, noncambered panels. This selection was made because of
the use of a trim tlap which introduces effective camber in either direc-
tion. It was not desirable to add the effects of built-in camber in studying
the basic technology. Thus, the only asymmetrical portion of the fin was
the part that must accommodate the fan and its duct., The effective cam-
ber of this part of the fin may be determined from wind tunnel tests.

For a symmetrical (zero camber) fin, the cruise design lift must be
attained by giving the fin the proper incidence angle. The cruise design
lift coefficient has been determined to be C; = 0. 153 at 120 kt, and the

fin CL(I has been established at a value of 0,053, These parameters
combine to determine a fin incidence angle of 2. 89 degrees; both the upper
fin portion and the lower crushable skid should be set at this angle of
incidence,

Aspect Ratio

To preserve geometric similarity, it was desirable to set the SA 330 fin
aspect ratio as near as possible to the SA 341 aspect ratio. The geometric
aspect ratio was reduced from the SA341 value of 2.31 to 2. 13 by establish-
ing a fin span of 14 ft based on considerations of fin position relative to

the main rotor. By placing the fin in a position similar to the SA 341 and
its main rotor, the freestream flow and the SA 330 main rotor downwash
should combine to form a similar flow field. Thus, significant changes in
CLQ and effective aspect ratio are not expected.

Horizontal Stabilizer

A horizontal stabilizer was designed for a location on the helicopter tail
boom ahead of the fan-in-fin. The existing 15-sq ft, single-panel, pylon-
mounted horizontal stabilizer was replaced by an 18-sq ft, double-panel
(9-sq ft on each side of the tail boom) surface having constant-chord, in-
verted airfoil section of 2 percent cammber at zero incidence; a NACA
23012 would be adequate. The new area was determined in proportion to
the shortened moment arm. The chord and span were selected to mini-
mize interference with fan inlet flow and difficulty in ground handling.

POINT DESIGN DESCRIPTION

The resulting point design and modified SA 330 are shown in Figure 40.
A summary of the resulting parameters for the fan-in-fin point design

is presented in Table IX, These parameters analytically describe the

configuration and the limitations of the fan-in-fin design.
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TABLE IX. SUMMARY OF FAN-IN-FIN DESIGN PARAMETERS

Fin Total Are‘a.
Geometric Aspect Ratio
Fin Span

Fin Thrust Load

Fin Drag Load

Trim Flap Area

Trim Flap Deflec<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>